A specific heat treatment process that introduces hoop stress has been developed. This technique can produce zirconium alloy tubing with a residual compressive hoop stress near the inner surface by taking advantage of the mechanical anisotropy in hexagonal close-packed zirconium crystal.
I. INTRODUCTION
From 1970 to 1990, the most noticeable fuel failure in light water reactors was pellet cladding interaction (PCI). This was caused both by mechanical interaction between the pellets and the cladding and by chemical reactions at the inner surface of the zirconium alloy cladding, and progressed to stress corrosion cracking.
Various countermeasures against PCI failure have been used including improved designs of pellets, cladding, fuel rods, and modifications in reactor operation. These efforts decreased PCI failure remarkably. However, these efforts are being continued because PCI remains a fundamental fuel failure mechanism and many of its countermeasures are made at the sacrifice of fablication cost, neutron economy, and so on. Zirconium-liner tubing is one of the countermeasures to cladding side PCI and is used successfully in BWRs worldwide(1)(2). Recently, some liner improvement studies directed toward the prevention of hydrided secondary failures were started(3)- (6) . For PWRs, "radial textured tubing", in which the basal poles (C-axes) of the hexagonal zirconium crystals are directed mainly in the radial direction, was developed to improve the PCI resistance(7) (8) . Tubing with this quality is characterized by a larger elongation (smaller Young's modulus) and a higher yield strength to tensile hoop stress than that of usual textured tubing. It is known that as the yield strength increases, the critical stress to initiate stress corrosion cracking (SCC) increases(9)- (11) . Radial textured tubing is produced in a reduction process by using an elevated Q ratio (thickness reduction/diameter reduction).
The author introduced the crystallographic feature in a heat treatment process to produce Zircaloy tubing with residual compressive hoop stress near the inner surface. Because of mechanical anisotropy of the hexagonal crystal, plastic and elastic strains can coexist in tubing with various crystal orientations under wide ranges of temperature, hoop stress, and time durations.
The amount of plastic strain in the tubing increases as the inner diameter is approached. This results in a distribution of hoop stress. The large difference in the values of plastic strain between the inner and outer diameters results in a large residual compressive hoop stress near the inner diameter. The residual compressive stress will depress the hoop tensile stress, which produced by PCI such as thermal expansion and relocation of fuel pellets, and will disturb the initiation and propagation of the SCC.
This process can strengthen not only the inner surface of the tubing, but also can strengthen crystal grains having a low tangential yield strength. Thus, weak local sites can be preferentially strengthened. The process for the "radial textured tubing" can decrease the number of * T okai-mura, Naka-gun, Ibaraki-ken 319-11. Tel. +81-797-72-0169, Fax. +81-292-87-8222 weak sites but can not strengthen them. Through the expanded heat treatment on a laboratoryscale process and an out-reactor iodine SCC test, results were obtained that showed the time to SCC failure can be extended. However, further studies are needed on a large-scale process to apply this technique to production tubing.
II. MECHANISM OF RESIDUAL STRESS

FORMATION
Zirconium alloy (Zircaloy) consists of grains each with hexagonal close-packed (hcp) crystals. The basal poles (C-axes) are aligned in a certain direction in a grain, but the direction is different in every grain.
In tubing produced by the usual rolling process, about 60% of the C-axis poles are aligned in the radial direction, about 35% are in the tangential direction, and about 5% are in the axial direction. In Kearns' parameters, these are expressed by fr=0.60, ft=0.35, and fl=0.05.
A pole figure of typical stress relieved Zircaloy-4 tubing having an fr=0.60 is shown in Fig. 1(b) . Pole figures of Tube A (fr=0.68, C-axis is aligned mainly in the radial direction) and Tube B (fr=0.32, C-axis is aligned mainly in the tangential direction) described by Dressler are shown in Figs. 1(a) and (c), respectively (9) . X-ray intensity distributions of the pole figures are shown in Fig. 2 .
The difference in the X-ray intensities among the tubes at specified angles in Fig. 2 For example, using the method of least squares from the X-ray intensity curves (see Fig. 2 ), the Standard Tube consists of 72% of Tube A and 28% of Tube B.
As mentioned above, zirconium alloys have notable mechanical anisotropy which results from the orientation of the C-axis. Figure 3 shows tangential stressstrain curves for Tubes A and B obtained under biaxial stress with a=saxial/stangential=0.5 (closed end burst test condition) at 400dc (9) . As shown in this figure, the yield strengths at 400dc are 32.2kg/mm2 for Tube A and 29.5kg/mm2 for Tube B. However, slight plastic strain occurs above 22kg/mm2 in Tube B. On the other hand, it is known that the yield strength of stress relieved Zircaloy-4 tubing measured by the axial tensile test (used in the inspection process for production tubing) is about 35kg/mm2 at 400dc (12) . This method determines the mechanical properties at nearly a right angle to the Caxis (cf. fl=0.05).
These data suggest that crystal grains elongated both plastically and elastically can coexist in a tube with a hoop stress over 22~35kg/mm2 (1) where P1 and P2 axe the internal and external pressure (kg/mm2), R1 and R2 are the inner and outer radii (mm), and r is the radius acted upon by sR (mm).
For example, when a PWR size tube (9.5mm O.D. and 8.22mm I.D.) is pressurized internally to 400kg/cm2, the hoop stresses, sR, at the inner and outer diameters are 27.8kg/mm2 and 23.8kg/mm2, respectively. Refering these stress values to Fig. 3 , it is found that plastic hoop strain is not induced near the outer surface but much plastic strain is induced near the inner surface. However. since the coexisting state of both the plastic and elastic strain is limited to a very short duration (because of the propensity to creep), the material must be cooled quickly.
In the process of cooling and releasing the internal pressure, the outer surface (where plastic strain is not induced) shrinks elastically. The inner surface (where notable plastic strain is induced) does not shrink as much but is compressed by the shrinkage of the outer surface. This is similar to "shrinkage fit".
This phenomenon occurs not only between the inner and outer diameters of a tube, but also between the plastically and elastically strained crystal grains, in which the C-axes are oriented in the tangential and radial directions, respectively. Therefore, the weak sites (those having low tangential yield strength) are strengthened by the residual compressive hoop stress. This is similar to phase stress in two-phase alloys.
The crystallographic mechanism of the plastic strain mentioned here is viewed as follows (13) . The hoop strain of a crystal grain having its C-axis parallel to the tangential direction is the synthesis of {1012}<1011> twinning in the tangential direction and {1010}<1210> prism slip in the radial direction. The hoop strain of a grain having its C-axis parallel to the radial direction is the synthesis of {1010}<1210> prism slip in the tangential direction and {1122}<1123> twinning in the radial direction.
III. EXPANDED HEAT TREATMENT
The block diagram of the apparatus used for this experiment is shown in Fig. 4 . The samples examined were Zircaloy-4 PWR cladding. Their dimensions and properties are shown in Table 1 . One end of each sample was sealed with an end plug welded in place. The other end of each sample was fitted with a compression fitting for applying internal pressure. Both ends of the samples were fitted with electrodes. The samples were heated by applying an electric current through the sample via the electrodes. The sample holder was enclosed by a stainless steel bell jar, which was evacuated and then back filled with argon gas at 1 bar. The temperature and diameter of the sample were measured by a pyrometer and a laser diameter gauge, respectively, through quartz glass windows in the bell jar. These data, with internal pressure, were recorded on a 3-pen recorder. The main parameters of the expanded heat treatment are temperature, internal pressure (or resultant hoop stress), and the increase in diameter. The ranges of values used for Fig. 4 Block diagram of SCC testing and experimental heat treatment device this study were 370-420dc, 380-450kg/cm2, and 0.5-1.2%, respectively.
The expanded heat treatment procedure is shown as process (3) and (4) in Fig. 5 . The sample was prepressurized internally with argon gas to 275kg/cm2 at room temperature. This increased the diameter by 0.2%. The values were adjusted to obtain the specified parametric values at the maximum expansion.
The sample was then heated by electric current and the internal pressure was increased. An increase in diameter followed. When the diameter increase reached 0.6%, the acceleration of the increase was observed. Since the acceleration was seemed to show the initiation of the plastic strain, sample was quickly cooled to minimize creep. The maximum temperature and internal pressure were 380dc and 390kg/cm2. The heat treatment concluded after the sample cooled to room temperature and the internal pressure was released.
During the experiment shown in Fig. 5 , the internal pressure was changed in steps (increased in process (3) and decreased in process (4)). The diameter was measured accurately at each step to estimate residual hoop stress before and after the heat treatment. Processes (1) and (2) (before heat treatment) and processes (5) and (6) (after heat treatment), which are shown in Fig. 5 , were added to supplement the data obtained during processes (3 ) and (4). In Fig. 6 , the data from Fig. 5 were arranged to show diameter change (DD/D) vs. internal pressure (P) before and after the treatment. The curves show that before heat treatment the diameter change follows the pressure change, but that after treatment, the diameter does not change below a certain pressure level, which is related to the residual stress.
Expressing the residual stress in sR (kg/mm2), the straight parts of the curves in Fig. 6 are described approximately by (2) where, st, sr, sz are the tangential, radial and the axial stresses, respectively, induced by the internal pressure (kg/mm2), n is the Poisson's ratio, E the Young's modulus (kg/mm2), Do the initial outer diameter (mm), t0 the initial wall thickness (mm), and P the internal pressure (kg/mm2).
Young's modulus E (kg/mm2) and residual stress sR (kg/mm2) are determined from the slope of the straight line and the intercept at the abscissa, respectively. The results obtained were as follows.
Before heat treatment: E=9,695, sR=0 (average of process (1),(2), (3)) After heat treatment: E=9,741, sR=-4.8 (average of process (4), (5), (6)) A residual compressive hoop stress of 4.8kg/mm2 was introduced. (5) and (6) were the experimental steps added to obtain supplemental data) Tubing samples were heated to 400dc and had an internal pressure of 410kg/cm2 applied. The heat treated tube (B), which had a larger initial diameter as a result of the heat treatment, showed a smaller increase in diameter and, accordingly, took more time to burst than did the untreated tube (A). The diameter at burst, however, was about the same as tube (A). The results show that the residual compressive hoop stress produced by this process depresses the diameter increase and improves the dimensional stability. The compressive hoop stress, however, is released by the large tensile hoop strain. Therefore, the heat treatment is effective in a range of small strains, such as those resulting as SCC progresses.
IV. EVALUATION OF RESISTANCE TO SCC
The resistance to iodine SCC of the expanded heat treated tubing was evaluated by the internal pressure method using the same device that was used for the heat treatment (Fig. 4) .
Since the medium of SCC in irradiated fuel rods is mainly fission product iodine, iodine crystals (0.5mg/cm2 of the inner surface of the sample tubing) were placed in the tubing sample. The heating and pressurization procedure used was as previously described. In this experiment, the temperature and internal pressure were kept at 360dc and 400kg/cm2 (corresponding to a hoop stress of 29kg/mm2), respectively. The change in diameter and the time to failure were measured. Some examples of diameter change during SCC testing are shown in Fig. 8 . The heat treated tubing (denoted by C-) showed less diameter increase at the beginning and took a longer time to fail. The diameters at failure of the treated tubing were larger than the untreated tubing (denoted by S-). The results showed that the initiation of SCC in the heat treated tubing occurred later and was caused by creep in excess of the maximum diameter experienced during the heat treatment. Figure  9 shows all SCC test results. The figure suggests that the times to SCC failure of the heat treated tubing were 2-3 times those of the untreated tubing. As shown in Fig. 9 , the deviation of the data among the expanded heat treated tubing is smaller than that of the untreated one. This suggests that the heat treatment plays a role in homogenizing the material properties by controlling the elastic stress unidirectionally. 
V. DISCUSSION
The expanded heat treatment contains precision techniques such as changing the temperature and the applied stress quickly at the moment the elastic and plastic strains coexist. To obtain the coexisting state over wide and controllable ranges of the stress and temperature, tubing materials are required that consist of crystals with mechanical anisotropy and have textures with the crystal axes distributed in various directions. Therefore, many difficulties remain for the mass production and application to other materials and uses.
This study revealed the mechanism and the effectiveness of this technique by using Zircaloy tubing samples that had notable mechanical anisotropy and specified texture, An electric current heating method that enabled a rapid temperature change, and precise and attentive monitoring of the temperature, internal pressure, and diameter to detect the moment when the elastic and plastic strains coexisted. Moreover, some modelling formulas, including those addressing the coexisting state, were proposed. Also, the plastic strain and the residual stress at the inner and outer diameter of the tubing were estimated using the monitored data during the expanded heat treatment.
The results make possible the detailed future design of materials, shapes, expanding methods, heat treatment conditions, monitoring and controling methods, mass production systems, and so on. For example, an expanding method using a mandrel might be possible, instead of using internal pressure.
Such a method could be included in a rolling process. Fig. 3 ). These seemed to be the only published data to which we could refer. Further optimization in the heat treatment conditions should be expected. The stability of the residual stress produced by this technique has to be examined further. Other creep tests using this same device showed that the residual stress was stable at temperatures below 420dc, provided the diameter that results from any combination of temperature and pressure does not exceed the maximum diameter experienced during the expanded heat treatment. However, the residual stress was relieved above 450dc. Further, the effects of irradiation on the residual stress are still unknown.
VI. CONCLUSIONS
The author found that a special expanded heat treatment can form residual compressive hoop stress near the inner surface of zirconium alloy tubing. The effectiveness of this technique has been examined through some (15)- (17) . Zircaloy cladding produced and treated by this technique is expected to improve PCI-SCC resistance and dimensional stability by cancelling part of the hoop stress caused by the PCI, fission product gas increase, and so on. The expanded heat treatment takes advantage of the fact that the zirconium alloy consists of hexagonal crystals and that the elastic and plastic properties of them strongly depend on the crystal orientation . Short-length PWR fuel cladding samples were experimentally heat treated by this technique. The samples were then subjected to an iodine SCC test using the internal pressure method. The results showed that the resistance to SCC of the heat treated tubing was improved and the time to SCC failure was extended by a factor of two or three . (A1) where ete is the elongation by thermal expansion (mechanical anisotropy of the ete is assumed negligible), aq is that portion of crystal grains with the C-axis at angle q to the tangential direction at radial position R, Eq is Young's modulus in the tangential direction of crystal grains with the C-axis at angle q to the tangential direction, and mq is the plastic elongation in grains with the C-axis at angle q to the tangential direction.
Assuming that the texture (distribution of the C-axes: see Fig. 2 ) at a temperature of 400dc and an internal pressure of 400kg/cm2. To simplify, the radial position R shall be considered to be at the outer and inner diameters. The tensile hoop stresses sR. at the outer and inner diameters are 23.8kg/mm2 and 27.8kg/mm2, as determined by Eq. (A1). The elongation by thermal expansion, Ete, at 400dc is 0.00245 as determined by MATPRO-Version 11 (18) . The ratios of a and b are 0.72 and 0.28, respectively, as mentioned in Chap. II. The values of Young's modulus for Tubes A and B are Ea=7,220 and Eb=22,700kg/mm2, respectively (see Fig. 3 ). The plastic elongations ma and mb of Tubes A and B for a specified hoop stress can be read from Fig. 3 at the points where the curves deviate from the straight line.
Substituting these values into Eq.(A2), the maximum tangential elongations at the outer and inner diameter in the process are calculated. They are listed in Table A1 .
When the thermal expansion and elastic components in Eq. (A2) are removed by cooling the tubing to room temperature and by releasing the internal pressure, the plastic elongation at the outer diameter (e=0.000028) is retained as the total elongation. The elongation at the inner diameter, therefore, must be contracted to a value of eG=0.0000387 geometrically, which is determined by supposing that the cross-sectional area of the tubing is, excepting the correction of thermal expansion, constant.
As a result, residual compressive hoop stress si is produced. This is calculated as -5.4kg/mm2 by e G=a(si/Eao+ma)+b(si/Ebo+mb),
where Eao and Ebo are the tangential values of Young's modulus at room temperature of Tubes A and B. In this case, these are estimated from the data at 400dc mentioned above and through the temperature gradient of MATPRO version 09 (19) .
